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ABSTRACT Membraneproteinsareinvolvedinnumerousessentialcellprocesses,includingtransport,generegulation,motility,
andmetabolism.Tofunctionproperly,theymustbeinsertedintothemembraneandfoldedcorrectly.YidC,anessentialprotein
in Escherichia coli with homologues in other bacteria, Archaea, mitochondria, and chloroplasts, functions by incompletely un-
derstoodmechanismsintheinsertionandfoldingofcertainmembraneproteins.Usingagenome-scaleapproach,weidentiﬁed
69 E. coli membrane proteins that, in the absence of YidC, exhibited aberrant localization by microscopy. Further examination
ofasubsetrevealedbiochemicaldefectsinmembraneinsertionintheabsenceofYidC,indicatingtheirdependenceonYidCfor
propermembraneinsertionorfolding.Membraneproteinspossessinganunfavorabledistributionofpositivelychargedresi-
duesweresigniﬁcantlymorelikelytodependonYidCformembraneinsertion.Correctingthechargedistributionofacharge-
unbalancedYidC-dependentmembraneproteinabrogateditsrequirementforYidC,whileperturbingthechargedistributionof
acharge-balancedYidC-independentmembraneproteinrendereditYidCdependent,demonstratingthatchargedistribution
canbeanecessaryandsufﬁcientdeterminantofYidCdependence.Theseﬁndingsprovideinsightsintoamechanismbywhich
YidCpromotespropermembraneproteinbiogenesisandsuggestacriticalfunctionofYidCinallorganismsandorganellesthat
expressit.
IMPORTANCE Biologicalmembranesarefundamentalcomponentsofcells,providingbarriersthatenclosethecellandseparate
compartments.Proteinsinsertedintobiologicalmembranesservecriticalfunctionsinmoleculartransport,molecularpartition-
ing,andotheressentialcellprocesses.Themechanismsinvolvedintheinsertionofproteinsintomembranes,however,arein-
completelyunderstood.TheYidCproteiniscriticalfortheinsertionofasubsetofproteinsintomembranesacrossanevolution-
arilywidegroupoforganisms.HereweidentifyalargegroupofproteinsthatdependonYidCformembraneinsertionin
Escherichia coli, and we identify unfavorable distribution of charge as an important determinant of YidC dependence for proper
membraneinsertion.
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H
ow proteins are properly inserted into and folded within
membranes is a fundamental and incompletely understood
question of cell biology. Escherichia coli genes encode approxi-
mately 900 cytoplasmic membrane proteins, constituting ~20%
oftheproteinsproducedbythecell(1).Mostareinsertedintothe
membrane via a canonical signal recognition particle (SRP)-
dependent, Sec translocon-dependent insertion pathway (re-
viewed in reference 2). Nascent membrane proteins are recog-
nized and bound by SRP, targeted to the membrane via the
membrane receptor FtsY, and transferred to the SecYEG translo-
con for cotranslational insertion, whereby exterior hydrophilic
domains are translocated to the periplasm, hydrophobic trans-
membrane segments partitioned into the lipid bilayer, and inte-
rior hydrophilic domains synthesized in the cytoplasm.
Certain cytoplasmic membrane proteins require the mem-
brane protein YidC for proper insertion (2–4). Some YidC sub-
strates are inserted into the membrane via the Sec translocon,
while others utilize a YidC-dependent but Sec-independent path-
way (5–8). YidC is highly conserved, with homologues in mito-
chondriaandchloroplasts,mostbacterialspecies,andsomemem-
bersofthedomainArchaea(9,10),andisessentialforcellviability
(7). On the basis of cross-linking to model membrane proteins,
YidC has been proposed to act as a chaperone (11), mediating the
partitioning of nascent transmembrane segments from the Sec
translocon, with which it is physically associated (12), into the
lipid bilayer, as well as the proper bundling of transmembrane
segments (13). Some substrates strictly require YidC for mem-
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tion (16, 17) or proper folding (18).
Nearly one-third of E. coli membrane proteins that have been
quantiﬁedinproteomicstudiesdisplaysigniﬁcantlyalteredabun-
dance in the absence of YidC (19, 20), suggesting its involvement
in the insertion of a substantial subset of E. coli membrane pro-
teins; however, dependence on YidC for membrane insertion per
se has been demonstrated for only 14 proteins in E. coli. While
studies employing model membrane proteins have begun to de-
ﬁnetheroleofYidCinmembraneproteinbiogenesis,howitfunc-
tions and which traits of substrate proteins contribute to YidC
dependence remain poorly understood. To address these issues,
we identiﬁed and characterized a large group of YidC-dependent
membrane proteins in E. coli. We show that membrane proteins
possessing an unfavorable distribution of positively charged resi-
duesaresigniﬁcantlymorelikelytorequireYidCforproperinser-
tion and that charge distribution per se can be a necessary and
sufﬁcient determinant of YidC dependence.
RESULTS
ScreentoidentifyYidC-dependentcytoplasmicmembranepro-
teins in E. coli. Bacterial cells synthesizing green ﬂuorescent pro-
tein (GFP)-tagged membrane proteins typically exhibit a ﬂuores-
cent signal that is circumferential around the cell periphery,
reﬂecting uniform distribution of the protein within the mem-
brane.Thesignalintensityisproportionaltotheabundanceofthe
protein in the membrane. Based on the principle that a perturba-
tion of proper membrane insertion can alter the abundance, sub-
cellular localization, or distribution of this signal, we designed a
screen to identify E. coli cytoplasmic membrane proteins that are
dependent on YidC for proper membrane insertion.
We screened a subset of a genome-scale plasmid library con-
sisting of each open reading frame of E. coli strain W3110 cloned
with an N-terminal His6 tag and a C-terminal GFP tag and ex-
pressed under the control of the isopropyl--D-
thiogalactopyranoside (IPTG)-inducible PT5-lac promoter (the
ASKA Library [21]). The subcellular localization of each protein
in this library had been categorized, with 492 proteins showing a
circumferential distribution consistent with localization to the
membrane. Using the hidden Markov model topology algorithm
Phobius (22), E. coli W3110 is predicted to encode 936 integral
cytoplasmic membrane proteins, consistent with published esti-
matesforotherE.colistrains(1).Ofthese936proteins,428(46%)
were included in the membrane-localized subset of the ASKA Li-
brary (see Data Set S1 in the supplemental material). Sixty-four
additional proteins observed to be membrane-localized proteins
butnotpredictedtobeintegralmembraneproteinsarelikelytobe
peripheral membrane proteins and were excluded from our
screen. Since GFP folds rapidly in the cytoplasm and cannot be
secreted by Sec in its folded state, we restricted our analysis to
membrane proteins that were either predicted (22) or have been
shownexperimentally(23)tohaveCterminiinthecytoplasm.Of
the428membrane-localizedintegralcytoplasmicmembranepro-
teins,the415thatmetthesecriteriaconstitutedtheinputpoolfor
our screen.
We examined the subcellular localization of each GFP-tagged
membraneproteinintheabsenceversuspresenceofYidC,usinga
strain in which yidC expression was controlled by the arabinose-
inducibleParaBADpromoter(seeFig.S1Ainthesupplementalma-
terial). Synthesis of each GFP-tagged membrane protein was in-
duced with IPTG after3ho fgrowth either in the absence of
arabinose,atwhichtimenodetectableYidCwaspresent,orinthe
presenceofarabinose(Fig.S1BandS1C).Mostofthe415proteins
screened exhibited similar ﬂuorescence localization patterns un-
der the two conditions (e.g., YaiZ in Fig. 1B), suggesting that in-
sertion of most membrane proteins was not signiﬁcantly per-
turbed in the absence of YidC.
Sixty-nine membrane proteins (16.6%) showed distinct ﬂuo-
rescence localization patterns in the presence versus absence of
YidC(seeTableS1inthesupplementalmaterial).Most(40of69)
showed a 50% decrease in circumferential membrane ﬂuores-
cence in the absence of YidC with no increase in diffuse cytoplas-
mic ﬂuorescence (e.g., AtpB, XylE, and YbhS in Fig. 1A), most
likelyreﬂectinganoveralldecreaseinproteinabundance.Apleio-
tropic effect of YidC depletion on gene expression was unlikely,
sincemostmembraneproteinsshowednoappreciabledecreasein
ﬂuorescence, and a panel of cytoplasmic membrane and soluble
cytoplasmicproteinsshowednochangeinabundance(seeFig.S2
in the supplemental material). Since membrane proteins that are
not inserted into the membrane or that fold improperly are often
subject to degradation, the observed reduction in circumferential
ﬂuorescencewasmostconsistentwithproteindegradationconse-
quent to altered membrane insertion or folding. In certain cases,
mislocalizationmayhavebeenduetotheeffectsofYidCdepletion
on other proteins required for the stability or proper localization
of the protein, and reduced ﬂuorescence may have been due to
aggregation, since this can lead to ﬂuorescence quenching (24).
Two other patterns that were observed in the absence of YidC
were bright punctate ﬂuorescent foci around the periphery of the
cell(17of69hits,e.g.,YccFandYhaH)oratthecellpoles(12of69
hits, e.g., MsbB and YecS; Fig. 1A). The presence of punctate foci
indicatedthattheGFP-taggedproteinswereunevenlydistributed
in the membrane and were accumulating at discrete locations,
consistentwithproteinaggregationandstronglysuggestiveofde-
fects in membrane insertion. Their position at the cell periphery
suggested that the proteins either had been partially inserted into
themembraneorremainedotherwisemembraneassociated.Mis-
folded proteins have an increased propensity to form aggregates,
particularly when hydrophobic regions of a protein become sol-
vent exposed, as would occur if a hydrophobic transmembrane
segment failed to insert into the lipid bilayer.
Among the membrane proteins that were mislocalized in the
absence of YidC were two proteins previously shown to be YidC
dependent for membrane insertion, AtpB (F0c) (Fig. 1A) and
ProW (7, 25). Two additional previously described YidC sub-
strates, MalF and MtlA, were included in the input to the screen
but not identiﬁed as hits; MalF requires YidC for stability and
MalFGK2 complex assembly, but not for insertion or topogenesis
(16),andMtlAinteractswithYidCduringmembraneinsertionin
vitro (13), but whether it depends on YidC for insertion has not
been examined; these observations likely account for MalF and
MtlA not being identiﬁed as hits in our screen. The identiﬁcation
of previously described YidC-dependent membrane proteins as
hitsinourscreenindicatedthesensitivityofourassay.Membrane
proteins that, in the absence of YidC, fail to insert properly yet
remain membrane associated and evenly distributed might be
missed by our screen.
Membrane proteins mislocalized in the absence of YidC
show biochemical defects in membrane insertion. To test
whether membrane proteins that displayed altered ﬂuorescence
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YidC for proper membrane insertion, we assayed membrane in-
sertion biochemically, focusing on those screen hits that main-
tainedsufﬁcientabundanceintheabsenceofYidCforthisanalysis
(see Fig. S3A to S3C in the supplemental material). For certain of
these hits, as well as for a representative nonhit, we generated
strains in which the GFP-tagged protein was expressed from a
singlecopyonthechromosome(Fig.S3CandS1D),allowingusto
examine membrane insertion at lower levels of expression. To
enable induction of protein synthesis after depletion of YidC, the
IPTG-inducible promoter from the parent plasmid was retained
in the chromosomally integrated constructs. In all examined
cases,theGFPﬂuorescencelocalizationphenotypesforthesingle-
copy integrants were the same as those observed in the initial
microscopy screen (Fig. S1E and S1F). Thus, episomal expression
did not contribute signiﬁcantly to the YidC dependence of these
proteins.
In spheroplasted cells, which lack an outer membrane and cell
wall, periplasmic segments of integral membrane proteins are ex-
posed and can be cleaved by an exogenously added protease to
which they are sensitive (Fig. 2A). Defects in membrane insertion
canresultineitherprotectionfromproteolysisoralteredcleavage.
We examined whether, in the absence of YidC, the periplasmic
segments of hit proteins had altered accessibility to the protease
proteinase K. Because the GFP tag on each fusion was retained in
the cytoplasm, it was protected from proteolysis, and C-terminal
cleavage products were detected as truncated GFP fusions.
Of the 19 GFP-tagged membrane proteins that we examined,
four—AtpB, CrcB, ExbB, and YdhU—demonstrated cleavage by
proteinase K when synthesized in the presence of YidC that was
distinct from that observed when synthesized in the absence of
YidC or following cell lysis. In the absence of YidC, proteolysis of
each of these four proteins was dramatically reduced [Fig. 2B,
increase in the abundance of the full-length protein (asterisk) rel-
FIG 1 YidC-dependent localization of a subset of GFP-tagged membrane proteins. (a) Seven examples of membrane proteins that showed altered GFP signals
in the absence of YidC ( YidC). The AtpB protein previously shown to be dependent on YidC for membrane insertion () is shown. (b) Membrane protein
that showed comparable circumferential GFP signals in the presence () and absence () of YidC (YaiZ). Images are representative. Bar, 5 m.
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thattheywereprotectedfromproteolysisandsuggestingthatthey
were either not inserted into the membrane or were inserted with
an altered, protease-resistant conformation. Even in the presence
of YidC, some CrcB and some ExbB were inaccessible to protei-
nase K cleavage, suggesting either that the proteins were incom-
pletely inserted under our synthesis conditions or, in the case of
CrcB, that two conformations exist (see below). Nevertheless, al-
tered protease accessibility in the absence of YidC indicated that
these proteins are dependent on YidC for proper membrane in-
sertion.
Membraneproteinsthatexhibitpunctatelocalizationinthe
absence of YidC form insoluble protein aggregates. Many GFP-
tagged membrane proteins that were mislocalized in the absence
ofYidCexhibitedpunctateﬂuorescence,suggestiveofproteinag-
gregation. As an indicator of protein aggregation, we examined
solubility in the detergent Triton X-100, in which cytoplasmic
membrane proteins can generally be solubilized but outer mem-
brane proteins, protein aggregates, and inclusion bodies cannot
(26). After separating membranes and other insoluble material
fromsolublecytoplasmicandperiplasmiccontentsbycrudefrac-
tionation, we selectively solubilized nonaggregated cytoplasmic
membrane proteins from the total insoluble fraction with Triton
X-100 (Fig. 2C). Each of the proteins examined was solubilized in
thepresenceofYidCbutshowedgreatlyreducedsolubilizationin
the absence of YidC (Fig. 2D). Where both assays could be per-
formed,theseresultsconsistentlycorrelatedwiththoseofprotease
accessibility experiments (Fig. 2B). The nonhit YaiZ showed sim-
ilar solubility under the two conditions (Fig. 2E).
Together, the results of our biochemical analyses demonstrate
FIG 2 Membrane proteins mislocalized in the absence of YidC are YidC dependent for membrane insertion. (A and B) Proteinase K accessibility assay of
spheroplastsdepletedofYidCornotdepletedofYidC(seeMaterialsandMethods).(A)Experimentalapproach.(B)Screenhitsthatdisplayedreducedprotease
accessibility following YidC depletion. The spheroplasts were treated with proteinase K (PK) () in the protease accessibility assay. Cells pretreated with Triton
X-100 () to promote lysis served as a control for proteolysis. In the absence of YidC (), increased abundance of full-length protein (*) and decreased
abundance of major cleavage product(s) (**) was observed. The positions of molecular mass standards (in kilodaltons) are shown to the left of the gels.( Ct oE )
DifferentialfractionationofscreenhitsintoTritonX-100-solubleand-insolublemembranefractionsfollowingsynthesisincellsdepletedofYidCornotdepleted
ofYidC.(C)Experimentalapproach.(D)ScreenhitsthatdisplayedreducedTritonX-100solubilitywhensynthesizedintheabsenceofYidC.(E)Ascreennonhit
thatdisplayedcomparableTritonX-100solubilitieswhensynthesizedinthepresenceandabsenceofYidC.WesternblotsusingantibodytoGFPareshown.The
cellfractionsareasfollows:crude,whole-cellproteins;soluble,solublecytoplasmicandperiplasmicproteins;insoluble,membranesandotherinsolubleproteins;
Triton-soluble, Triton X-100-soluble fraction of insoluble proteins; Triton-insoluble, Triton X-100-insoluble fraction of insoluble proteins. The loads were
proportionalandnormalizedtotheopticaldensityat600nm(OD600)ofculture.Percentsolubilization,theratioofTriton-solublebandtocrudefractionband
as determined by band densitometry. Images are representative.
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served by microscopy was strongly indicative of membrane inser-
tion defects. Our screen hits thus represent a newly identiﬁed
groupof67E.colicytoplasmicmembraneproteins(inadditionto
AtpB and ProW) that are dependent on YidC for proper mem-
brane insertion.
Multiple proteins essential for cell growth are YidC depen-
dent. YidC is essential for cell growth and viability (7). The Sec-
independent membrane insertion pathway, substrates of which
includesubunitFocoftheF1FoATPase(8),hasbeenimplicatedin
mediating this essentiality (27). In addition, several membrane
proteins that we identiﬁed as YidC dependent are known or pre-
dicted to be essential—CorA, CydD, FtsX, Lnt, RodA, YbhN, and
YgaP (28–33). Thus, the essentiality of YidC may result from the
loss of function of multiple essential cytoplasmic membrane pro-
teins that require it for proper membrane insertion.
Membraneproteinscontainingunbalancedtransmembrane
segmentsaremorelikelytorequireYidCforpropermembrane
insertion. We searched for determinants of YidC dependence by
examiningcommonalitiesamongthe69proteinsidentiﬁedashits
inourscreen.Therewasnosigniﬁcantenrichmentforgeneonto-
logical function and process categories, or for protein families,
groups,ordomains,asdeterminedusingtheSwiss-Protdatabase,
norwastheresigniﬁcantenrichmentinthenumberoftransmem-
brane segments, the sizes of predicted periplasmic and cytoplas-
mic protein segments, or overall topology (N in versus N out), as
determined using Phobius (22), in the hydrophobicity of pre-
dicted transmembrane segments, as determined using Kyte-
DoolittleandJTT2hydropathyscales(1,34),orinthedistribution
of negatively charged residues.
A characteristic that was signiﬁcantly enriched among YidC-
dependent membrane proteins was an atypical distribution of
positively charged residues. Positively charged residues serve as
determinants of membrane protein topology (35, 36), with a
strong topological preference for lysine and arginine residues to
reside in the cytoplasm (the “positive inside rule”). A transmem-
brane segment for which the number of positively charged resi-
duesintheadjacentperiplasmicsegmentisgreaterthanthenum-
ber of positively charged residues in the adjacent cytoplasmic
segment is referred to as “unbalanced.” Such a topology is unfa-
vorable and is predicted to occur at low frequency.
Within our screen input pool, 34 of 415 proteins (8.2%) were
predicted by Phobius to contain unbalanced transmembrane seg-
ments (see Data Set S1 and Fig. S4 in the supplemental material).
Two-thirds of these (67.6% [23 of 34]) were YidC dependent
(Fig.S5).Unbalancedmembraneproteinsconstituted33%ofour
screen hits (23 of 69) (Table S1) and were 5-fold more likely to
beYidCdependentthanbalancedmembraneproteins(12.1%[46
of 381]) (P  0.0001). Of these 23 proteins, all but 2 were also
predicted to have an unbalanced topology when examined by a
second algorithm, OCTOPUS (data not shown) (37). These ﬁnd-
ings strongly suggest that unbalanced charge distribution can be
an important determinant of YidC dependence.
Rendering an unbalanced YidC-dependent membrane pro-
tein balanced promotes YidC-independent membrane inser-
tion. To test whether YidC dependence can be determined by
unbalanced charge distribution per se, we altered the charge dis-
tribution of the YidC-dependent unbalance membrane protein
CrcB.CrcBispredictedbyPhobiustobeanN-out,C-terminus-in
(C-in) three-span polytopic membrane protein possessing a
charge-neutral ﬁrst transmembrane segment, a balanced second
transmembrane segment, and an unbalanced third transmem-
brane segment (Fig. 3A). Other algorithms suggest that the CrcB
signalpeptideisnotcleaved,resultinginanN-infour-spanmem-
brane protein. Importantly, whether the signal peptide is cleaved
hasnoeffectonthechargebalanceofwild-typeCrcB(CrcBWT)or
thecharge-alteredvariantsdescribedbelow.Substitutingalanines
for positively charged periplasmic residues, we created variants of
CrcB that were successively more balanced (Fig. 3A); each con-
struct was integrated onto the chromosome.
The localization of balanced variants of CrcB was less affected
by YidC depletion than that of CrcBWT. CrcB with the R95A sub-
stitution (CrcBR95A) and CrcB with the R25A and R95A substitu-
tions(CrcBR25A/R95A),inwhichthethirdtransmembranesegment
is no longer unbalanced, showed substantial membrane localiza-
tionintheabsenceofYidC,whereasCrcBWTandCrcBR25A,which
each retain an unbalanced third transmembrane segment, were
highlymislocalized(Fig.3B).Inaddition,whileCrcBWTexhibited
loss of proteinase K sensitivity in the absence of YidC (Fig. 3C,
proteolytic product of CrcBWT detected in the presence, but not
absence, of YidC [asterisk]), indicating a membrane insertion de-
fect,thebalancedCrcBR25A/R95Avariantexhibitedequivalentpro-
teolysis in the presence and absence of YidC (Fig. 3C). Partially
balancedvariantsCrcBR25AandCrcBR95Aexhibitedanintermedi-
ate phenotype (Fig. 3C). Similarly, while CrcBWT showed no de-
tectablesolubilizationinTritonX-100intheabsenceofYidC,the
balanced CrcBR25A/R95A variant showed near-equivalent solubili-
zation in the presence and absence of YidC, with the partially
balanced CrcBR95A variant exhibiting an intermediate phenotype
(Fig.3D).Asshownabove(Fig.2B),eveninthepresenceofYidC,
some protein is inaccessible to proteinase K cleavage, suggesting
that either two conformations exist or that the protein is incom-
pletely inserted under our synthesis conditions. Nevertheless,
whereas the unbalanced variants of CrcB were YidC dependent,
the balanced variants no longer required YidC for proper mem-
brane insertion, indicating that the distribution of positively
charged residues in CrcB, and likely in other membrane proteins,
serves as a strong determinant of YidC dependence.
The CrcBWT and CrcB variants used in these experiments all
containedaC-terminalGFPfusion.WhentheGFPtagwasabsent,
CrcBWT exhibited dual topology, consistent with recent observa-
tions (38), as a C-terminal LacZ fusion formed blue colonies on
agar containing 5-bromo-4-chloro-3-indolyl-galactopyranoside
(BCIG or X-Gal), and a C-terminal PhoA fusion formed blue
colonies on agar that contained 5-bromo-4-chloro-3-indolyl
phosphate (XP) (see Fig. S6 in the supplemental material). It is
likely that under our experimental conditions the GFP-tagged
CrcB constructs exhibited a C-in topology, as indicated by ﬂuo-
rescence signal from the GFP; however, the GFP tag does not
prevent the remainder of the proteins from assuming dual topol-
ogies. In any case, the dual topology of CrcB appeared to be inde-
pendent of YidC dependence and the presence of unbalanced
transmembrane segments, as the partially balanced and balanced
variants all displayed dual topology (Fig. S6).
Renderingabalancedcytoplasmicmembraneproteinunbal-
anced is sufﬁcient to promote dependence on YidC. To deter-
mine whether an unbalanced distribution of positively charged
residuescanalsobesufﬁcienttorenderamembraneproteinYidC
dependent, we altered the charge distribution of YaiZ, a charge-
balanced cytoplasmic membrane protein that did not require
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cytoplasmic membrane protein CrcB (22) and variants with altered charge balances. Balanced transmembrane segments (green), charge-neutral transmembrane
segments (grey), and charge-unbalanced transmembrane segments (red) are shown. Charge balance altered by mutagenesis is indicated by an asterisk. (B) Subcellular
localization of GFP-tagged CrcB (CrcB-GFP) variants in the presence or absence of YidC. Bar, 5m. (C and D) Protease susceptibility (C) or differential fractionation
into Triton X-100-soluble and -insoluble membrane fractions (D) of CrcB-GFP variants following synthesis in the presence or absence of YidC (see Fig. 2 legend and
MaterialsandMethods).ThepositionofaproteolyticproductdetectedonlyintheabsenceofYidCforCrcBWTbutinincreasingamountsintheabsenceofYidCforthe
balanced variants is indicated by an asterisk. Images are representative; all images in each panel are from the same Western blot or same microscopy experiment.
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chargedresiduesinthecytoplasm,wecreatedvariantsofYaiZthat
were unbalanced in one or both transmembrane segments
(Fig.4A).Eachconstructwasintegratedintothechromosome.In
contrasttothebalancedwild-typeprotein,allunbalancedvariants
of YaiZ showed a dramatic reduction in membrane localization
(Fig. 4B) and Triton X-100 solubility (Fig. 4C) in the absence of
YidC, consistent with YidC-dependent defects in membrane in-
sertion. Thus, the introduction of unbalancing mutations ap-
peared to be sufﬁcient to promote a dependence on YidC for
membraneinsertion.TheYaiZvariantpossessingtwounbalanced
transmembrane segments, and to a lesser extent the N-terminal
unbalanced variant, also showed solubility defects in the presence
of YidC (Fig. 4C), suggesting that YidC was limited in its capacity
FIG 4 The distribution of positively charged residues is sufﬁcient to determine the dependence of YaiZ on YidC for membrane insertion. (A) Topological
illustrations of the cytoplasmic membrane protein YaiZ (22) and variants with altered charge balances (see Fig. 3 legend). (B) Subcellular localization of
YaiZ-GFP variants in the presence or absence of YidC. (C) Differential fractionation of YaiZ-GFP variants into Triton X-100-soluble and -insoluble membrane
fractions following synthesis in the presence or absence of YidC (see Fig. 2 legend and Materials and Methods). Images are representative.
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balanced variants.
ForYaiZanditsvariants,proteaseaccessibilitywasuninforma-
tive due to the absence of cleavage products distinct from those
observed following cell lysis. As determined by C-terminal LacZ
and PhoA fusions, YaiZWT and the partially unbalanced variant
YaiZKIRR6-8AIAA maintained C-in topology, whereas the unbal-
anced variant YaiZKIRR6-8AIAA/RRR60-62AAA and to a lesser extent
the partially unbalanced variant YaiZRRR60-62AAA displayed dual
topology (see Fig. S6 in the supplemental material), suggesting
that the RRR60-62AAA mutation contributed to both YidC de-
pendence and the disruption of normal YaiZ topology.
DISCUSSION
YidC is required for the membrane insertion of certain cytoplas-
mic membrane proteins in E. coli and other bacteria. Our results
indicate that while YidC is dispensable for a majority of cytoplas-
micmembraneproteinsinE.coli,itisrequiredtofacilitateproper
insertion of a sizeable subset. We identiﬁed 69 cytoplasmic mem-
brane proteins (16.6% of 415 examined) whose membrane inser-
tion and/or folding is severely impaired in the absence of YidC.
Consistent with a substantial percentage of membrane pro-
teins inserting in a YidC-dependent manner, in recent studies
utilizing isotope labeling (19) or two-dimensional (2D) blue
native/SDS-PAGE(20)andmassspectroscopy,sizeablesubsetsof
examinable cytoplasmic membrane proteins (38/120 [19] and
20/44 [20], respectively) have exhibited signiﬁcantly reduced
abundance in the absence versus presence of YidC (19). In addi-
tion, analysis of a subset of membrane proteins of less than
50 amino acids indicates that many are dependent on YidC for
membrane insertion (39). Our approach permitted systematic
analysis of a substantially larger fraction of the E. coli membrane
proteomeand,importantly,moredirectexaminationofYidCde-
pendence for membrane insertion per se, through the combina-
tion and cross-validation of microscopic visualization of protein
distribution, detergent solubilization and protease accessibility
analyses.Therewaspartialbutincompleteoverlapintheproteins
shownbyPriceetal.(19)andWickströmetal.(20)tohavealtered
abundance in the absence of YidC, as well as between these sets
and the proteins identiﬁed as YidC dependent in our study (see
DataSetS1inthesupplementalmaterial).Thesedifferenceslikely
result from differences in approach and highlight the importance
and difﬁculty of deﬁning YidC substrates.
Unlike some YidC substrates that have been characterized,
most of the membrane proteins we identiﬁed as being YidC de-
pendent are likely inserted via the canonical SRP/Sec-dependent
pathway.Mostarepolytopicmembraneproteinspossessingthree
ormoretransmembranesegments(59of69hits;seeDataSetS1in
thesupplementalmaterial).Amongthe10thatpossessoneortwo
transmembrane segments, half are large (300 residues in
length), and one possesses a long periplasmic segment (50 resi-
dues). These traits are inconsistent with insertion via the Sec-
independentpathway,whosesubstratesaresmall(150residues)
and either single-span or bitopic membrane proteins with short
periplasmic loops (20 residues) (5, 7, 15). All proteins we ana-
lyzed carried an N-terminal His tag; although we did not directly
examinewhetherthisaffectedN-terminaltranslocationacrossthe
cytoplasmic membrane, neither proteins with predicted
N-terminus-in (N-in) nor N-terminus-out (N-out) topologies
were enriched in either our screen input pool or hits, suggesting
that the His tag was not a signiﬁcant factor in YidC dependence.
Membrane proteins that were predicted to contain charge-
unbalanced transmembrane segments were signiﬁcantly more
likely to depend on YidC for proper membrane insertion (67.6%
ofunbalancedversus12.1%ofbalancedmembraneproteins)and
constituted 33% (23 of 69) of the YidC-dependent membrane
proteinsthatweidentiﬁedoverall.Correctingthechargedistribu-
tion across the unbalanced transmembrane segment of CrcB ab-
rogated dependency on YidC for proper membrane insertion, in-
dicating that an unbalanced distribution of positively charged
residueswassufﬁcienttoexplainitsYidCdependence.Moreover,
introduction of unbalancing mutations into the balanced mem-
brane protein YaiZ appeared to render the protein YidC depen-
dent. Thus, an unbalanced distribution of positively charged res-
idues can act as a necessary and sufﬁcient determinant of YidC
dependence.
Positivelychargedresiduesactasstrongdeterminantsofmem-
brane protein topology (the “positive inside rule”). Membrane
proteins that cannot be inserted into the membrane in an orien-
tation such that all predicted transmembrane segments remain
bothinthemembraneandcharge-balancedhavebeenreferredto
as “topologically frustrated” (40, 41). Most of the unbalanced
transmembraneproteinsweidentiﬁedasYidCdependentfallinto
this category. While not directly examined here, in the absence of
YidC, some unbalanced membrane proteins may adopt an in-
verted topology, where it is more favorable. While the positive
inside rule has been recognized for over two decades, there have
been few insights into the mechanism that underlies the rule or
intothemechanismbywhichcertainproteinsareabletopossessa
topology that deﬁes it.
Our data strongly suggest that the mechanism by which many
unbalanced transmembrane proteins are properly inserted into
and folded in the membrane depends on YidC. We propose a
modelinwhichYidCprotectsthecharge-unbalancedsegmentsof
these proteins from the inﬂuence of electrostatic and/or other
topogenic forces that would normally compel more positively
charged extramembrane segments to reside in the cytoplasm
(Fig. 5), thereby allowing folding events that could not occur if
sequential transmembrane segments were inserted directly from
the Sec translocon into the lipid bilayer. We postulate that YidC
thus serves as a stabilizing environment that lies intermediate be-
tween the translocon channel and the lipid bilayer. Prior work
lends additional support to this model. YidC is physically associ-
atedwiththeSectranslocon(12,42),theSectransloconpossesses
a lateral gate that has been proposed to serve as an exit site for
transmembrane segments (43), and a projection structure of
YidC, when docked with that of the Sec translocon, shows the
potential positioning of YidC adjacent to this gate (44), which
wouldideallypositionYidCtocarryoutthefunctionswepropose;
nascenttransmembranesegmentsofYidCsubstratesinteractﬁrst
with SecY and then with YidC (45); and YidC can interact with
multiple transmembrane segments simultaneously (13) and pro-
moteproperfolding(18).Althoughnotexaminedinthispaper,it
is possible that YidC plays a similar role in the insertion of bal-
anced YidC-dependent membrane proteins, promoting proper
topology, folding, and membrane insertion under circumstances
where insertion of sequential transmembrane segments directly
into the lipid bilayer would not permit proper biogenesis.
SincemostYidC-dependentmembraneproteinsthatweiden-
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membrane segments, other features must also contribute to YidC
dependence.Arecentstudydemonstratedthatnegativelycharged
residues within transmembrane segments can act as such a deter-
minant (46). However, neither this feature nor any of the other
potentialdeterminanttopologicalfeaturesthatweexaminedwere
enriched among our screen hits. Another feature of cytoplasmic
membraneproteinsthathasbeenshowntocorrelatewithreduced
abundanceintheabsenceofYidCissolubledomainsshorterthan
100residues(20);thisparameterwasnotincludedinouranalyses.
Itislikelythatinmostcases,YidCdependenceisacomplextraitor
is determined by features that we did not examine or that are less
well deﬁned. It should also be noted that some of the screen hits
that were classiﬁed as balanced membrane proteins may actually
be unbalanced, since the empirical bias against unbalanced trans-
membranesegmentsislikelytoinﬂuencethetopologypredictions
of Phobius and other hidden Markov model algorithms (22).
OuridentiﬁcationofalargesetofYidC-dependentmembrane
proteins in E. coli greatly improves our understanding of which
and what proportion of cytoplasmic membrane proteins in E. coli
require YidC for proper membrane insertion. Given their high
degree of conservation and, at least in certain cases, functional
complementarity (9, 10), it is likely that YidC homologues in
other organisms, mitochondria, and chloroplasts play similar
roles and function by similar mechanisms in promoting proper
membrane protein biogenesis.
MATERIALS AND METHODS
Bacterialstrainsandplasmids.Bacterialstrainsandplasmidsusedinthis
study are listed in Table S2 in the supplemental material.
Genetic methods. Site-directed mutagenesis was performed by two-
step overlap extension PCR. Integration of ASKA library clones into the
chromosome was performed using a strain generated to contain homol-
ogy to the plasmids at the attphi80 phage attachment site. Additional
genetic methods are described in the supplemental material.
Fluorescence microscopy screen. In 96-well plate format, cells were
grown to exponential phase, washed, and resuspended in medium con-
tainingarabinose(0.2%)ornotcontainingarabinose;growthwascontin-
ued for 3 h to allow depletion of YidC. Synthesis of GFP-tagged mem-
brane proteins was induced by the addition of IPTG to 100 M, and
growth was continued for an additional 30 min. The cultures were trans-
ferred to glass-bottom 96-well plates, and bacteria were brought to the
bottom of the wells by gentle centrifugation. Live-cell microscopy and
imaging were performed using a Nikon TE300 microscope.
Protease accessibility assay. Exponential-phase bacteria were grown
inthepresenceorabsenceofarabinosefor90to180min,soastomaintain
or deplete YidC. Synthesis of GFP-tagged membrane proteins was in-
duced by the addition of IPTG to 100 M, and growth was continued for
anadditional30min.Spheroplastsweregeneratedbycoldosmoticshock
and treatment with 3 mM EDTA and 40 g/ml lysozyme, and then were
treated with 100 to 200 g/ml proteinase K for1ha t4°C, followed by
protease quenching with 2 mM phenylmethylsulfonyl ﬂuoride (PMSF)
and trichloroacetic acid (TCA) precipitation of proteins. Additional de-
tails are provided in the supplemental material.
Membrane fractionation. Membranes and insoluble material were
isolated from crude lysates by centrifugation. Cytoplasmic membrane
proteinswererecoveredbysolubilizationin1%TritonX-100.Additional
details are provided in the supplemental material.
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FIG 5 Model for YidC-dependent insertion of membrane proteins contain-
ing unbalanced transmembrane segments. Transmembrane segments (TMs)
of nascent cytoplasmic membrane proteins targeted to the Sec translocon are
sequentially inserted into the translocon and then partitioned into the lipid
bilayer via a lateral gate. YidC, docked at the lateral gate, interacts with trans-
membrane segments as they exit the translocon, allowing the stabilization of
unbalanced transmembrane segments and folding of the protein with correct
topology into an intrinsically stable conformation, which is then released into
the lipid bilayer. Balanced transmembrane segments (green) and charge-
unbalancedtransmembranesegments(red)areshown.Positivelychargedres-
idues within the ﬂanking extramembrane domain are indicated by plus signs.
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